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ABSTRACT
Abell 2146 consists of two galaxy clusters that have recently collided close to the plane of
the sky, and it is unique in showing two large shocks on Chandra X-ray Observatory images.
With an early stage merger, shortly after first core passage, one would expect the cluster
galaxies and the dark matter to be leading the X-ray emitting plasma. In this regard, the cluster
Abell 2146-A is very unusual in that the X-ray cool core appears to lead, rather than lag, the
Brightest Cluster Galaxy (BCG) in their trajectories. Here we present a strong lensing analysis
of multiple image systems identified on Hubble Space Telescope images. In particular, we
focus on the distribution of mass in Abell 2146-A in order to determine the centroid of the
dark matter halo. We use object colours and morphologies to identify multiple image systems;
very conservatively, four of these systems are used as constraints on a lens mass model. We
find that the centroid of the dark matter halo, constrained using the strongly lensed features,
is coincident with the BCG, with an offset of ≈ 2 kpc between the centres of the dark matter
halo and the BCG. Thus from the strong lensing model, the X-ray cool core also leads the
centroid of the dark matter in Abell 2146-A, with an offset of ≈ 30 kpc.
Key words: gravitational lensing: strong; galaxies: clusters: general; galaxies: clusters: indi-
vidual: Abell 2146
1 INTRODUCTION
The cluster system Abell 2146 was first discovered to consist of
two massive clusters undergoing a major merger by Russell et al.
(2010), with an appearance on Chandra X-ray Observatory images
reminiscent of the Bullet Cluster (e.g. Clowe et al. 2006). On X-
ray images, the system is unique in presenting two large shocks of
Mach number ∼ 2 (Russell et al. 2010, 2012), indicative of a rela-
? E-mail:joseph.coleman@utdallas.edu
tively recent merger between two clusters more similar in mass than
those in the Bullet Cluster. Estimates from X-ray analysis (Russell
et al. 2010, 2012) and dynamical analysis (White et al. 2015) are
consistent with a merger observed about 0.1-0.2 Gyr after first core
passage, recent on the dynamical time scales of clusters. Abell 2146
holds great promise for investigating the transport processes in the
plasma in cluster environments (Russell et al. 2012).
Dark matter accounts for about 85% of the mass of galaxy
clusters. Most of the baryonic mass, accounting for about 15% of
the total gravitating mass, is hot X-ray emitting plasma, and at most
c© 2016 RAS
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Figure 1. A false colour view of a Hubble Space Telescope of the brightest cluster galaxy in cluster A. There are two prominent strong lensing features with
distinct bilateral symmetry, the ‘mask’ system and the ‘bra-ket’ system. The mask system has two emission knots that look like eyes. The bra-ket system
resemble the symbols < and >. South East of the centre of BCG-A is jet of gas from the active galactic nuclei.
a few percent of the total mass resides in the stellar components
of galaxies. Major mergers of galaxy clusters occurring close to
the plane of the sky are very rare events, and their importance in
cosmology has been highlighted by the findings from the first such
system to be discovered, the Bullet Cluster (e.g. Clowe et al. 2006;
Markevitch & Vikhlinin 2007).
When clusters collide, the clouds of hot plasma are slowed
down by ram pressure, whereas the galaxies are essentially colli-
sionless and affected mainly by tidal interactions. Dark matter also
does not have a large cross-section for interaction (e.g. Markevitch
et al. 2004; Randall et al. 2008; Harvey et al. 2015), so shortly after
collision the major concentrations of galaxies and the dark matter
are expected to lead the plasma clouds (e.g. Clowe et al. 2006).
A major merger thus results in a dissociation between the plasma
clouds, galaxies and dark matter, the specifics of which depends on
the cluster properties and merger geometry.
The X-ray cool core of the cluster component Abell 2146-
A (Russell et al. 2010, 2012) is offset from the Brightest Cluster
Galaxy (BCG) seen on Hubble Space Telescope images (King et al.
2016; Canning et al. 2012), but it leads rather than lags the BCG
in their trajectories. At a later stage in a merger, a gravitational
slingshot that causes the plasma to overtake the dark matter and
galaxies is possible (Hallman & Markevitch 2004) but the merger
would have to be seen a factor of several times later since first core
passage for this explanation to be dynamically viable (Russell et al.
2012). Weak lensing mass reconstruction using the distorted shapes
of background galaxies on Hubble Space Telescope images is con-
sistent with the peak in the dark matter in Abell 2146-A being offset
from the X-ray cool core, but the resolution of the mass map is too
low to draw a statistically robust conclusion. The galaxies in Abell
2146-B are located ahead of the peak in the plasma density, with
the BCG being almost coincident with one of the X-ray shocks.
Here our aim is to determine the centroid of the dark matter in
Abell 2146-A, in order to establish the spatial location with respect
to the X-ray cool core, and hence whether it also lags behind the
X-ray cool core in its trajectory. We concentrate on modelling the
c© 2016 RAS, MNRAS 000, 1–??
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mass around Abell 2146-A using newly-identified multiple image
systems to construct the first strong lensing mass model of the sys-
tem. Strong lensing analysis offers a higher resolution view of the
mass around the BCG than obtained with weak lensing. In order to
construct the strong lensing mass model we identify new candidate
multiple image systems on HST images, see Figures 1 and 2, on
the basis of colours and morphologies. Since we do not have spec-
troscopic or accurate photometric redshift estimates for the candi-
date multiple images, we adopt a very conservative approach in our
threshold for using a candidate system as a constraint.
In § 2, we discuss the observations and data reduction. In § 3,
we discuss the software used and the components of a lens model.
In § 4 we discuss the procedure used to build the model, including a
technique for determining multiple image systems, cluster member
selection, model constraints, and computation. In § 5, we discuss
the results of the lens models.
The flat cosmology assumed has H0 = 70 km s−1Mpc−1,
ΩΛ = 0.7, and Ωm = 0.3. Magnitudes used throughout are in the
AB system. At the redshift of z = 0.2323 (White et al. 2015) and
given this cosmology, 1 arcsec = 3.702 kpc.
For an overview of strong gravitational lensing, see Schneider,
Ehlers & Falco (1995) and Meylan et al. (2006).
2 OBSERVATIONS AND DATA REDUCTION
The merging cluster Abell 2146 was observed with the Hubble
Space Telescope (HST) on 2013 June 3 and June 6 (HST Cycle
20 proposal 12871, PI:King). A total of 8 orbits of imaging data
was obtained with the ACS/WFC camera. There were two point-
ings in each of the f435W and f606W filters, and four pointings
in the f814W filter. The pixel scale of the images is ∼ 0.05.′′ The
reduced fits files were the same as those used for the weak lensing
analysis by King et al. (2016) which should be referred to for ad-
ditional details. A catalogue of objects was created with the freely
available software SEXTRACTOR (Bertin & Arnouts 1996).
The position of BCG-A is the barycentre position as calcu-
lated by SEXTRACTOR (Bertin & Arnouts 1996). This location cor-
responds to the peak in the f814W filter within an error of 1 pixel.
The full width half maximum of BCG-A in the f814W and f606W
filters is on the order of 7 pixels or 3.5 arcseconds.
3 LENS MODELS
The freely available software LENSTOOL1 (Kneib et al. 1996, Jullo
et al. 2007), version 6.8, was used for modelling Abell 2146.
LENSTOOL uses Bayesian statistics combined with Markov Chain
Monte Carlo techniques to fit a parametrized2 lens mass model to
gravitational lensing data. Cluster scale mass density profiles were
used to model dark matter components. These density profiles have
various parameters that define them, detailed below, and to which
some prior is applied. LENSTOOL version 6.8 supports either flat or
Gaussian priors on model parameters. Galaxy scale haloes were
modelled as perturbers to the cluster scale halo. The two BCGs
were also modelled as perturbers. Typically, they all have the same
type of density profile and have certain parameters scaled collec-
tively, as detailed below.
The dark matter haloes of Abell 2146 were modelled using a
1 http://projets.lam.fr/projects/lenstool/wiki
2 Also known as ‘Light Traces Matter’ or LTM.
Table 1. Parameters of an L∗ elliptical galaxy used in scaling relations. The
parameter m∗0 is apparent magnitude, σ
∗
0 is velocity dispersion, r
∗
cut is cut
radius, and r∗core is core radius. The core radius is a fixed value.
m∗0 18.070
σ∗0 (kms
−1) 99.2 ± 80.0
r∗cut (kpc) 49.3 ± 43.0
r∗core (kpc) [0.15]
Navarro, Frenk, and White mass density profile (Navarro, Frenk &
White 1996, hereafter NFW). To allow for departure from spherical
symmetry, we used the elliptical NFW mass profile implemented
in LENSTOOL (Golse & Kneib 2002). Any mention of a NFW pro-
file should be interpreted as the elliptical NFW profile. Individual
galaxies in the cluster are modelled together as a set of perturbers to
the cluster scale NFW halo. Collectively the perturbers were mod-
elled as pseudo-isothermal elliptical mass distributions, (Limousin
et al. 2007, Elı´asdo´ttir et al. 20073), hereafter PIEMD.
The parameters used to describe the NFW profile are position
(x, y), elliptici-y  = (a2 − b2)/(a2 + b2) of the projected mass
where a and b are the semi-major and semi-minor axes describing
the elliptical isodensity contours, θ which describes the orientation
angle of the ellipse, and NFW-specific parameters of mass con-
centration c and scale radius Rs. With the concentration and scale
radius related by cRs = R200, when a mass M200 (the mass con-
tained inside the radius R200 where the mean density is 200 times
the critical density at the redshift of the halo) is specified, this re-
duces by one the degrees of freedom of the model. The NFW profile
is truncated at the virial radius.
The PIEMD perturbers are described by position (x, y), el-
lipticity , angle θ, and three PIEMD-specific parameters, velocity
dispersion σ0, cut radius rcut, and core radius rcore. The parame-
ters σ0, rcut, and rcore are scaled relative to the parameters of an
L∗ galaxy at the redshift of the cluster; see Jullo et al. (2007) for
details. The values used for an L∗ galaxy at the redshift of the clus-
ter are given in Table 1. The values for M∗, σ∗0 , r∗cut were adopted
from one of the CLASH (Postman et al. 2012) mass models by
Zitrin4, with his technique explained in Zitrin et al. (2013). Both
σ∗0 and r∗cut have Gaussian priors. The core radius r∗core is a fixed
parameter, typical of an L∗ galaxy.
As a consistency check, additional models were created with
the software package GLAFIC (Oguri 2010) as further discussed in
the Results and Discussion Section 5. Optimization of lens models
with GLAFIC used a downhill simplex method (Press et al. 1992).
As was done with LENSTOOL, the cluster scale dark matter com-
ponents were modelled with elliptical NFW profiles. The galaxy
components were modelled collectively as perturbers consisting of
pseudo-Jaffe ellipsoids (Jaffe 1983; Keeton 2001). In GLAFIC, the
ellipticity used is  = 1 − b/a, where a and b are the semimajor
and semiminor axes respectively.
Models in LENSTOOL and GLAFIC had the same constraints and
free parameters.
3 In Elı´asdo´ttir et al. 2007, the profile is referred to as dual Pseudo Isother-
mal Elliptical Mass Distribution.
4 http://archive.stsci.edu/missions/hlsp/
clash/rxj2129/models/zitrin/nfw/v1/
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Figure 2. Note the rotation; north is towards the bottom right and east is towards the top right. Multiple image systems used as constraints in the vicinity of
BCG-A. Identical objects have the same letter prefix, e.g. ‘a1,’ ‘a2,’ and ‘a3.’ The colour grouping indicates the objects considered to be at the same redshift.
Objects ‘a,’ ‘c,’ and ‘d’ are in cyan. Objects ‘e’ and ‘f’ are in green. Object ‘j’ is in magenta. Objects ‘g,’ ‘h,’ and ‘m’ are in red. For a close-up view of the
systems, see Figures 5 and 6. The set a, c, and d was statically assigned a redshift of z = 2.0. Other systems were assumed to have a flat prior for the redshift
in the range z = 0.3 to z = 3.0.
4 PROCEDURE
4.1 Cluster Member Selection
The cluster members act only as perturbers in the lens model. Their
impact is more pronounced when near critical curves. Perturbers
were selected from the red cluster sequence of a colour-magnitude
diagram, as shown in Figure 4, and confirmed with visual inspec-
tion of the HST images that the perturbers were galaxies and not
local stars or noise. The perturbers were required to lie on the red
sequence in both of the colour-magnitude diagrams. A majority of
these galaxies have spectroscopic redshifts that were used to estab-
lish cluster membership where available (White et al. 2015).
4.2 Model Refinement
Strongly lensed objects are used for constraining a parametric lens
model. Of the morphology of a multiple image system, only the
positions of the images in the lens plane are used in this paper. The
error assumed on the positions of images was 0.3 arcsec to account
for telescope resolution as well as substructure in the lens (Massey
et al. 2015).
The lens model was iteratively built, starting first with obvious
multiple image systems, Figures 5 and 6. A model was then used
to predict and identify other multiply imaged objects. Section 4.2.1
describes this technique in detail.
For extended, irregular background objects, such as an irreg-
ular galaxy or merging galaxies, concentrations of baryonic matter
can appear as nodules. The positions of the nodules were used as
constraints in the lens model (see for example Sharon et al. 2014).
For these nodules, the location of the brightest pixel was used as
a constraint with an assumed error of 0.3 arcsec or 6 pixels in the
HST images. For isolated elliptical galaxies, the brightest pixel was
used to identify the position of the object.
For families of multiple images arising from the same source,
the redshift of each of the images was constrained to be identical.
4.2.1 Multiple Image Detection
The following iterative approach was used to predict multiple im-
ages. Objects near a Brightest Cluster Galaxy (BCG) are consid-
ered to be within the Einstein radius and should be multiply imaged
if far enough behind the lens. With a candidate image of a source
identified, LENSTOOL was used to predict corresponding counter im-
ages for the source, for different source redshifts. With a point in the
image plane, a lens model was used to deproject that point onto the
source plane at an array of different redshifts. These deprojected
points were then reprojected with the lens model onto the lens
plane. Such parametrized-redshift counter images trace one or more
lines in the image plane. In Figure 7 an object near BCG-A, desig-
nated group G1, was tested. The source redshift was parametrized
in increments of 0.2 starting at z = 0.3 and ending at z = 2.9. We
limit the range for which we explore the redshift of strongly lensed
objects to an upper bound of z = 3 because higher redshift objects
will be fainter compared with the multiple image systems of inter-
est, and will also drop out of the bluest filter. The graduations in the
parametrization of z is arbitrary. The step size of 0.2 used here is
for illustrative purposes only. Smaller step sizes were used, on the
order of 0.1.
As can be seen in Figure 7, the groups of predicted counter
images form lines in the image plane. The mass model used to com-
c© 2016 RAS, MNRAS 000, 1–??
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Figure 3. A false colour picture of Abell 2146. The f814W filter was mapped to the colour red, f606W filter was mapped to green, and f435W was mapped to
blue. The circles indicate cluster members that are modelled as PIEMD perturbers. BCG-A and BCG-B indicate the brightest cluster galaxies in each of the
respective clusters. The location of point C is where a mass overdensity appears in the weak lensing analysis (King et al. 2016). Circle size has no meaning.
c© 2016 RAS, MNRAS 000, 1–??
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Figure 7. In the vicinity of BCG-A, group G1 is the test point in the image plane. Groups G2 through G5 are counter images of G1 parametrized by redshift.
The position of an image, G1, is projected from the image plane to the source plane at varying redshifts. The resulting source plane positions of G1 at varying
redshifts are then projected onto the lens plane. The multiplicity of an image is dependent on redshift. This results in various predictions of multiple images in
groups G2 through G5 as functions of assumed redshift of the source of the image in group G1. Group G2 begins at a redshift of z = 0.9, group G3 begins at
z = 0.7, and groups G4 and G5 begin to appear at a redshift of z = 1.7.
pute this was an intermediate iteration utilizing a subset of the final-
ized image constraints. The image multiplicity is dependent on the
redshift of the lensed object since the caustic structure changes as a
function of redshift. Group G2 contains counter images which first
appear at source redshift z = 0.9. There are no predicted counter
images for source redshift z = 0.3, 0.5, or 0.7 in group G2. In
group G3, there were counter images starting at source redshift
z = 0.7. In groups G4 and G5, counter images started to appear
at source redshift z = 1.7.
Objects near the predicted counter image line were considered
candidates for a multiply imaged system. Colour and morphology
were taken into consideration. For the lensed source depicted in
Figure 7, images appeared on both of the lines in groups G2 and
G3 near z = 1.3, see Figure 8. No objects were found on the lines
defined by groups G4 and G5. If the test object were to be a mem-
ber of a multiple image system near redshift z = 1.3, then there
should be no counter image in groups G4 and G5 since images of
those groups do not occur for objects near redshift z = 1.3. The
three objects taken as a triplet are all blue and are of comparable
brightness, and so was considered to be a multiply imaged source.
Multiply imaged objects were added to the model as a further
refinement. This second procedure was iterated such that a refined
model with extra constraints were used to make further predictions
for additional possible multiple image systems. Predicted multiple
image systems that worsened the best fit of the lens model were
discarded.
4.3 Lens Model Constraints
Multiple image systems were used as constraints and are presented
here. In the refinement state of generating lens models, more sys-
tems were used than are presented here. Specifically, the multiple
image systems and arcs around the second brightest cluster galaxy,
BCG-B, were not used in the final models presented here, but were
c© 2016 RAS, MNRAS 000, 1–??
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Figure 4. Perturbers to the lens model are plotted as yellow squares. On
the vertical axis colour is computed from SEXTRACTOR (Bertin & Arnouts
1996) aperture magnitudes, 40 pixel diameter. The horizontal axis is SEX-
TRACTOR auto magnitudes. Magnitudes are computed from HST images. A
trendline is plotted through the perturbers with additional lines above and
below to show ±0.5 shift in colour of the trendline. All of the perturbers
are on the red sequence for the cluster.
Figure 5. Close-up view of a false colour image of the ‘mask.’ This system
is East of BCG-A. This feature exhibits a bilateral symmetry.
Figure 6. From the f606W filter, a close-up view of a high contrast image of
the ‘bra-ket,’ called so because the shape resembles ‘<’ and ‘>.’ In the top
panel the bilateral symmetry is evident and in the bottom panel there is a 3rd
counter image. The symmetric pair is located West of BCG-A and the third
counter image is North-East of BCG-A. The ‘bra-ket’ system is modelled
with points a, c, and d. The blue pair next to ‘<’ and ’>’ is modelled with
points e and f .
used in the intermediate stages for some variations to explore pa-
rameter space and to test convergence of the models.
There are four main groups of multiple image systems near
BCG-A. An object is denoted by a letter followed by a unique or-
dinal, where objects with the same first letter are considered to be-
long to the same multiple image system. In Figure 2, correspond-
ing lensed images considered to be at the same redshift are denoted
with the same colours.
4.4 Computation
For LENSTOOL, optimization was performed in the source plane in
the refinement stage of the lens model construction where various
multiple image systems were considered. Final models were opti-
mized in the image plane. One thousand samples were taken for
each of the image plane optimized models. For optimization in the
source plane, the χ2 fit uses the computed source positions relative
to the barycenter of the multiple images in the source plane (Jullo
et al. 2007). The image plane optimization is more computationally
expensive as the χ2 minimization must solve the lens equation to
find counter images in the lens plane (Jullo et al. 2007). The χ2
contribution for lens plane optimization, equation 9 in Jullo et al.
c© 2016 RAS, MNRAS 000, 1–??
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Figure 8. In the top frame, an expanded view of the region around G2 in
Figure 7. There is a blue galaxy as a possible counter image for some as-
sumed redshift of G1 slightly less than Z = 1.3 for some intermediate
mass model. The counter images in this group have an increasing redshift
in the North East direction. In the bottom frame, a blue galaxy in group G3
appears as a possible counter image for the same assumed redshift of G1
between the same range of redshifts as the galaxy in the top frame. Both of
these galaxies are on the redshift parametrized path at the same z location.
(2007), is for some source i
χ2i =
ni∑
j=1
[
xjobs − xj(θ)
]2
σ2ij
, (1)
where ni is the number of multiple images for i, xjobs is the ob-
served location, xj(θ) is the position predicted by the model, and
σ2ij is the error of the position of j, which is assumed to be 0.3
arcseconds. The χ2 value is used as a parameter in the likelihood
function (Jullo et al. 2007).
The so-called Rate parameter, as defined in Jullo et al. (2007,
see eq. 13), was set to 0.1. This parameter controls the speed at
which the modelling converges. The value used for the Rate is on
the lower end of the range suggested in Jullo et al. (2007). Larger
values for the final lens models did not alter the main results of this
paper.
For GLAFIC, optimization was performed in the source plane
but with the full magnification tensor to convert offsets in the source
plane to those in the image plane. It has been shown that the re-
sulting χ2 computed in the source plane accurately reproduces χ2
directly computed in the image plane (Oguri 2010).
5 RESULTS AND DISCUSSION
In this Section the results are presented for several image plane
optimized models. In all models the ‘bra-ket’ system, composed
of objects ‘a,’ ‘c,’ and ‘d,’ shaped like ‘<’ and ‘>’, was statically
assigned a redshift of z = 2.0. This designation was used to break
a degeneracy between the redshift of the multiply lensed objects
and the mass of the lens. We expect that images would drop out of
the f435W filter near a redshift of z = 3.0. The models explored a
flat prior on source redshift for each of the multiple image systems
over a range of redshift from z = 0.3, which is just beyond the
cluster redshift, to z = 3.0. Other values for the redshift at which
the bra-ket system was statically assigned were explored, and had
no impact on the conclusions regarding the location of the Dark
Matter Halo A.
The convergence κ, or dimensionless surface mass density
(Schneider et al. 1995), of the lens is a function of source red-
shift due to the dependence on the critical surface mass density
Σcrit = c
2DS/(4piGDLDLS) where DS, DL and DLS are the
source, lens and lens-source angular diameter distances respec-
tively. In this paper we are concerned with the centroid of the mass,
which is rather insensitive to the redshifts of the lensed sources
adopted. We have established this by using different assigned red-
shifts in the lens modeling. Lack of knowledge of the source red-
shifts does have an impact on the normalisation of the mass profile,
and the determination of the total mass. In any case the choice of
z = 2.0 for a static redshift for the ‘bra-ket’ multiple image system
does not significantly alter the mass. The variation in mass was less
than an order of magnitude. For example, comparing the conver-
gence for a source at redshift z = 1.0 and at z = 2.0 we obtain
κz=1 =
(
Σcrit,z=2
Σcrit,z=1
)
κz=2 = (0.86)κz=2, (2)
which shows that the particular choice of redshift for one of the
sources does not appreciably change the mass.
The choice of a redshift for a source image is to break a degen-
eracy for the mass of the halo and is arbitrarily chosen to be within
the range of redshift of the cluster at z = 0.2323 and z = 3.0,
where the upper bound of z = 3.0 is where we expect dropouts
to occur for given HST filters used in this study. The degeneracy
is evident from Equation 2 where, for some projected surface mass
density Σ, we have Σ = κΣcrit (Schneider et al. 1995). With the
redshift of the lens known the term Σcrit is a function of the red-
shift of the source. From the geometry of the source images we
determine κ. However, kappa is a ratio of the mass of the lens via
the projected surface density Σ and Σcrit, which are both unknown.
This gives a degeneracy between mass of the lens and the redshift
of the sources.
For NFW profiles the concentrations were also held fixed. We
expected the turnover radius to be well beyond the field of view of
the HST images. With no information to constrain this radius since
strong lensing features are typically only found in a relatively small
c© 2016 RAS, MNRAS 000, 1–??
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area, the solution is simply hold the scale radius, rs to be fixed and
allow the concentration to be a free parameter. However, in this
paper the concentration was fixed and the scale radius was a free
parameter. Both parameters are related by crs = r200. Holding c
fixed with rs free is the same as having c free and rs fixed.
We found that the position of the dark matter halo associated
with Abell 2146-B was not well constrained, due to the presence
of many massive galaxies close to the BCG contributing to strong
lensing, and more importantly a lack of redshift information or
clear corresponding morphological features for arcs to identify cor-
responding multiple images.
The following are examples of candidate multiple image sys-
tems that were used in order to try to constrain the mass distribution
of Abell 2146-B: (i) There is a large arc near BCG-B which was
used as a constraint, however it is near to a group of 4 galaxies that
are perturbing the shape of the arc. (ii) There is also a faint blue fea-
ture in the stellar halo of BCG-B that appears to be a multiple image
system. (iii) Additionally, East of BCG-B there is an elongated arc
that looks multiply imaged. This object is likely to be relatively
high redshift since it drops out of the f435W and f606W filters.
However, it is detected at a low signal to noise ratio in f814W, so
the detection threshold in the other filters have to be accounted for
in future studies of Abell 2146-B.
The refinement technique described in § 4.2 for predicting
multiple image systems yielded unsatisfactory models. An unsat-
isfactory model is one where the model fails to converge for one
or more parameters. With the model failing to converge on a so-
lution it becomes problematic in sampling from the distribution to
create a predictive intermediate model. This may also indicate that
the dark matter is disrupted near BCG-B such that the matter dis-
tribution is not a smooth NFW profile due to the merger. In early
stages of model refinement, the position of the DM halo associated
with BCG-B was allowed to vary. However, since the location of
DM halo B never converged to an acceptable solution due to lack
of multiple image systems as constraints, in later stages of model
refinement the DM halo B was set to a static position coincident
with BCG-B, and models with two fixed haloes to describe Abell
2146-B were also considered.
Since we were not able to constrain the location of DM halo B,
the final models presented below have static NFW profiles associ-
ated with Abell 2146-B, and the multiple image systems associated
with Abell 2146-B are discussed no further. The main science goal
was to determine the location of the dark matter halo associated
with Abell 2146-A. The static haloes representing Abell 2146-B
are far enough away from Abell 2146-A such that the only major
effect is to provide some shear and very slightly offset the location
of Halo A. The shift in position is 1.2 arcsec due to the additional
fixed parameter haloes.
We present three lens models here designated as model 1, 2
and 3. In all models, there is a dark matter NFW halo associated
with Abell 2146-A, Halo A. The major distinctions between the
models are specified below.
Model 1 This model used only one NFW profile associated
with Abell 2146-A. The concentration was held fixed at c = 3.5.
The other parameters of the NFW profile were free as described
earlier. See Table 2 for a side by side comparison of fixed parame-
ters between the models.
Model 2 In addition to the NFW halo associated with Abell
2146-A in Model 1, this model had a second dark matter halo
placed at the location of BCG-B. This second halo was static in
the sense that all parameters, namely M200, c, position, ellipticity,
Table 2. Comparison of distinguishing features between lens models 1, 2,
and 3. Mass is given in units of 1015M. All parameters of Halo B and
Halo C are fixed.
Model 1 Model 2 Model 3
Halo A
c 3.5 3.5 3.5
Halo B
 - 0.177 0.177
PA - 141.9 141.9
M200 - 0.4148 0.2074
c - 3.1 3.1
Halo C
 - - 0
PA - - 0
M200 - - 0.2074
c - - 3.1
and position angle were fixed. This gives this model a total of two
NFW profiles to describe the cluster.
The placement of the second NFW profile assumed that light
traces matter. The ellipticity and position angle of BCG-B were
used to describe the dark matter halo, in addition to the location of
the DM halo being coincident with the peak of BCG-B.
Mass and concentration parameters of the NFW profile ob-
tained from earlier models were used as a reference for these stati-
cally assigned parameters. The mass and concentration was chosen
to be consistent with the weak lensing analysis by King et al. (2016)
such that they were of the same order. The weak lensing analysis by
King et al. (2016) looked at concentrations between 3.5 and 4.5.,
however intermediate strong lensing models resulted in lower con-
centrations at around c = 3.1. The mass of Halo B from intermedi-
ate models was on the order of 1014M where a specific choice of
4× 1014M obtained from an intermediate strong lens model was
used in the final models. The scale radius was determined from the
assumed mass and concentration.
Model 3 This model has a total of three NFW profiles. The
dark matter associated with Abell 2146-B was represented with two
NFW profiles. One of the profiles was centred and fixed on the
BCG-B, Halo B, as was done in Model 2, and the other was fixed
at the location of the centroid of a mass peak seen in the weak
lensing analysis by King et al. (2016), Halo C. See Figure 3 for
the location of Halo C. While the presence of a mass peak at the
location of Halo C is indicated by the weak lensing analysis (King
et al. 2016), there are no obvious strongly lensed features associated
with this peak that might allow us to better constrain its properties.
The observed ellipticity and position angle of the BCG-B were
used to describe the NFW halo B centred at the same location, i.e.
light traces mass. Halo C was assumed to be spherical, since there
are no strong constraints from weak or strong lensing.
The total mass of Halo B from model 2 was divided equally
between Halo B and Halo C of model 3.
Other Models
Additional models were considered with BCG-B having free
parameters constrained by multiple image systems nearby. How-
ever, as noted above, these models were unable to converge to a
stable solution. Therefore, associated arcs and multiple images near
BCG-B were not used for any of models 1, 2, or 3 above.
The associated gas of the cluster was considered as a pertur-
bation in intermediate versions of the lens model in order to estab-
lish its significance in the modeling. The impact of the gas was to
c© 2016 RAS, MNRAS 000, 1–??
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displace the centroid of the DM Halo A away from the gas peak,
towards BCG-B. In the final models presented here, we do not in-
clude a gas component in the model. The results here are therefore
a lower bound on the separation between the dark matter halo and
the X-ray cool core, since a gas component at the location of the
cool X-ray core only increased the separation.
In Table 3 Model 1, which had only one dark matter NFW
halo, had a better χ2/dof compared to Model 2 and 3. However,
we do expect there to be dark matter near BCG-B as evidenced
by the weak lensing analysis (King et al. 2016). Model 2 had the
largest Ln(Evidence) (Trotta 2008) value relative to Models 1 and 3
which indicates a preference for two dark matter haloes when using
Ln(Evidence) to classify goodness of fit of models. By considering
the Bayes factor and Jeffrey’s scale from Trotta (2008), which we
can compute by exponentiating the difference of the Ln(Evidence),
we can see that Model 3 is weakly preferential to Model 1, and
that Model 2 is moderately preferential to either of the other two
models.
All models considered, including versions not presented here,
resulted in a well constrained centroid for dark matter halo A. In
each model, the DM halo A was coincident with BCG-A, and thus
lagging behind the leading gas peak. In Figure 9 there are 1000
samples from the best model obtained from LENSTOOL for Models
1, 2, and 3 which are plotted over the HST image. A 3σ curve is
drawn around the samples. All of the final models presented here
result in the BCG-A peak being around approximately 3σ of the
mean location of the Dark Matter Halo A. The presence of mass
associated with Dark Matter Halo B or C shift the centroid of Halo
A away and towards the X-ray peak.
As a consistency check, the strong lensing program GLAFIC
(Oguri 2010) was used to verify model selection. In some instances
of models that don’t converge to a solution, or when the specified
error on image positions, σij in Equation 1, is too small, LENSTOOL
will fail to generate a model that can reproduce the input con-
straints. This is most likely due to source positions being very close
to a complicated caustic line. As a measure of the quality of a lens
model we expect that solutions for source positions corresponding
to image position constraints are properly projected from their cor-
responding source plane position to the lens plane position which
was used as a constraint in constructing the model. In other words,
for a given image used to construct a lens model that predicts a
source position, we expect to use the lens model and project the
source position and recover the image positions used in construct-
ing the model. For LENSTOOL, this can occur in the cases mentioned
above. GLAFIC allows for requiring solutions to match the number
of aforementioned projected images with the number of images
used as constraints in building the lens model. Both of these be-
haviours are complementary in constructing lens models.
The error and location of DM halo A was consistent with
results produced with LENSTOOL. For GLAFIC Models 1, 2, and
3 the separation distances between the dark matter halo centroid
and BCG-A are, respectively, approximately 5, 3, and 6 kpc. The
GLAFIC Models 1, 2, and 3 separation distances between the dark
matter halo and the X-ray peak are, respectively, 28, 29, and 26
kpc. Each respective result from the three GLAFIC models for the
DM Halo A position was within 3σ for all three LENSTOOL models.
That is to say that DM Halo A position results from GLAFICModel
1 were within the 3σ boundary for each of the LENSTOOL models,
and so forth for each GLAFIC model.
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Figure 9. The red star is the centre of the BCG-A as determined with SEX-
TRACTOR and the blue diamond is the peak of the hot X-ray gas (Russell
et al. 2010, 2012). The collection of black points near the BCG-A centre is
a plot of the centroid of dark matter halo for 1000 samples from the best
fit lens model. North is up and East is left. Top image is model 1, middle
image is model 2, and bottom image is model 3. BCG-B is out of the frame
to the North West (or top right) direction from BCG-A. The contours are
from Chandra X-ray Observatory with a 3 pixel Gaussian smoothing. Note
that the second X-ray peak coincident with BCG-A is a point source asso-
ciated with the AGN of the BCG. This is not a gas peak. The X-rays from
this point source are non-thermal (Russell et al. 2012).
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Table 3. Comparison of results from lens models 1, 2, and 3. The Mean
Position is for the dark mater centroid. The error matrix shows the variance
and covariance of the dark mater halo position. The separations are between
the mean position of the dark matter centroid and either the peak light po-
sition of BCG-A or the X-ray peak. The Ln(Evidence) for Model 2 yields a
significant Bayes factor (Trotta 2008) relative to either of the other models.
Model 1 Model 2 Model 3
Mean Position (deg)
RA 239.◦05789 239.◦05860 239.◦05861
Dec 66.◦348371 66.◦348183 66.◦348171
Error Matrix (arcsec)
σ2RA 0.7 0.5 0.5
σ2Dec 0.3 0.2 0.2
Cov(RA,Dec) 0.4 0.3 0.3
Separation Distances (kpc)
BCG-A 4.19 1.63 1.59
X-ray peak 34.5 30.3 30.2
Ln(Evidence) 36.8 41.1 37.8
χ2/dof 0.51 0.38 0.18
6 CONCLUSION
We have used Hubble Space Telescope images to identify strongly
lensed multiple image systems near to the BCGs of the merging
cluster, Abell 2146. This merging cluster is an important labora-
tory for studying the physics of cluster mergers because the colli-
sion has occurred near the plane of the sky, the two clusters in the
system are of comparable mass and the system also has two well
defined shock fronts. The BCG in Abell 2146-A has an X-ray cool
core. By identifying multiple image systems in the centre of Abell
2146-A, we have made a strong gravitational lensing mass model.
We have determined that the location of the dark matter halo is co-
incident with the BCG, and is offset from the X-ray cool core. In
other words from this strong lensing analysis, the cool core is lead-
ing, rather than lagging, the dark matter post collision, contrary to
expectations for a merger seen shortly after first core passage.
In Canning et al. (2012) it is proposed that there is a causal
link between the X-ray cool core and a plume of gas extending
from the BCG in its direction, which is spatially coincident with
soft X-ray emission. Together with the disrupted nuclear structure
of the BCG, an interaction between the BCG and another galaxy in
the cluster (prior to or during the merger) is proposed as a possible
explanation of the offset between the BCG and the X-ray cool core
(Canning et al. 2012).
Hamer et al. (2012) describe three clusters with significant off-
sets between the BCG and X-ray peak with the conclusion that a
transitory event is the source of decoupling. The largest separation
distance in Hamer et al. (2012) is on the order of 10 kpc, however,
whereas in Abell 2146 the offset is on the order of 30 kpc.
However, in light of Sanderson et al. (2009), Abell 2146-A
seems to fall in the upper range of offsets for BCG with line emis-
sion (Crawford et al. 1999).
In order to test these hypotheses and to better understand the
distribution of the dark matter (and galaxies), and plasma in the
aftermath of the collision, computer simulations are being under-
taken. These simulations will be guided by the results of lensing,
X-ray, SZ and additional data.
Redshift information for the strongly lensed features is critical
to obtaining a properly normalized strong lensing mass model for
Abell 2146-A. This redshift information would in addition allow us
to identify multiple image systems to use as constraints in mapping
the distribution of mass in Abell 2146-B. For objects that are bright
enough, spectroscopic redshifts would be ideal, and otherwise pho-
tometric redshifts can be obtained with the addition of near-infrared
imaging data to complement our optical imaging data. More work
needs to be done to constrain the dark matter near BCG-B. A com-
bined weak and strong lensing analysis will help accomplish this.
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APPENDIX A: MULTIPLE IMAGE LISTING
Table A1. A listing of multiple image systems near BCG-A. There are four
systems in this list. All objects in a system are constrained to be at the same
redshift. For each element of a system the first letter of an image name
corresponds to a multiple of a common source object. Images denoted with
† are not included as constraints.
System Right Ascension Declination Notes
System 1 ‘bra-ket’
a1 239.04826 66.346907
a2 239.05165 66.349279
a3 239.06672 66.353407
b1 239.04864 66.347000 †
b2 239.05165 66.349116 †
b3 239.06710 66.353419 †
c1 239.04886 66.347100
c2 239.05157 66.349027
c3 239.06730 66.353450
d1 239.04839 66.347198
d2 239.05131 66.349182
d3 239.06674 66.353526
System 2
e1 239.05054 66.347488
e2 239.05191 66.348565
e3 239.06695 66.353009
f1 239.05070 66.347593
f2 239.05175 66.348429
System 3 ‘mask’
g1 239.06584 66.347623
g2 239.06673 66.348324
h1 239.06490 66.348031
h2 239.06563 66.348627
i1 239.06561 66.347423 †
i2 239.06700 66.348519 †
k1 239.06514 66.348038 †
k2 239.06568 66.348510 †
l1 239.06558 66.347902 †
l2 239.06615 66.348362 †
m1 239.06514 66.348038
m2 239.06568 66.348510
System 4
j1 239.06186 66.347932
j2 239.06460 66.349884
j3 239.05053 66.344740
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Table A2. A listing of multiple image systems near BCG-B. All objects in a
system are assumed to be at the same redshift. For each element of a system
the first letter of an image name corresponds to a multiple of a common
source object. None of these systems are used as constraints in the final
model. Objects denoted with  are listed here because colour, shape, loca-
tion, and orientation make them interesting candidates for future models.
System Right Ascension Declination Notes
System 5
n1 238.99834 66.372898 
n2 238.99842 66.373224 
System 6
p1 239.00083 66.370110 
p2 239.01642 66.372844 
q1 239.00073 66.370038 
q2 239.01659 66.372918 
System 7
r1 239.01453 66.368228
r2 239.01499 66.368329
r3 239.01755 66.369324
s1 239.01438 66.368208
s2 239.01517 66.368373
s3 239.01739 66.369273
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